The linear pentadecapeptide antibiotic, gramicidin D, is a naturally occurring product of Bacillus brevis known to form ion channels in synthetic and natural membranes. The x-ray crystal structures of the right-handed double-stranded double-helical dimers (DSDH ) reported here agree with 15 N-NMR and CD data on the functional gramicidin D channel in lipid bilayers. These structures demonstrate single-file ion transfer through the channels. The results also indicate that previous crystal structure reports of a left-handed double-stranded double-helical dimer in complex with Cs ؉ and K ؉ salts may be in error and that our evidence points to the DSDH as the major conformer responsible for ion transport in membranes.
ϩ and the alkali metals (2) . Despite over two decades of study, the structure of the active gramicidin channel remains a source of controversy. Two principal models were originally proposed; an intertwined doublestranded double helix (DSDH) † proposed by Veatch et al. (3) and a head-to-head single-stranded helix (HHSH) proposed by Urry et al. (4) . Five x-ray crystal structures of gramicidin have been reported, three uncomplexed forms crystallized from different length n-alcohols [methanol (5) , ethanol (6) , and n-propanol (7)] and two ion complexed forms [Cs ϩ (8) and K ϩ (9)] crystallized from methanol. All five structures are reported to be DSDH ᏸ dimers, with 5.6 residues͞turn in the uncomplexed structures and 6.4 residues͞turn in the cation complexed structures. Although the nature and number of hydrogen bonds differs between the uncomplexed structures and the Cs ϩ and K ϩ complexes, they all contain a common dimeric ribbon linked by 16 hydrogen bonds, and the D,L composition places all of the amino acid residues on one side of this ribbon. Because of steric crowding, the ribbon coils away from the side chain covered surface and forms a second chain of hydrogen bonds, thus forming a helical structure. Although there are 14 hydrogen bonds in the second set in both the complexed and uncomplexed structures, the registry is shifted by two residues in the complexed structures. This shifting makes the channel diameter larger and the channel length shorter to accommodate ions in the complexes. The biological relevance of these structures has been questioned primarily because the left-handed coils do not agree with the measured CD spectra of gramicidin in lipid bilayers.
In addition, two NMR determinations of gA have been reported; a solution structure in SDS micelles (10) and a solid-state structure in oriented lipid bilayers (11) . Although there are small differences in the details of these structures, the folds are the same and are of the HHSH type. It has been possible to reconcile the CD spectra and some of the NMR spectra on gA in lipid bilayers with the HHSH dimer, and this model has been accepted as the consensus model responsible for ion transport by gA.
In this paper we report the crystal structures of the Cs ϩ complex of gramicidin crystallized from methanol and that of H 3 O ϩ bound gramicidin crystallized from glacial acetic acid. Both structures demonstrate a new fold, a right-handed double-stranded antiparallel double helix (DSDH ) form, that is consistent with most of the existing literature on gramicidin structure, ion conductance, and side-chain interactions including a previously published solution NMR structure of a Cs ϩ complexed gramicidin (12) . More importantly, the structures demonstrate a remarkable similarity with the solid-state NMR data of gramicidin in oriented bilayers (11) .
Structure Solution
For the Cs ϩ complexed structure, commercially available gramicidin D (Sigma) was crystallized by slow evaporation from methanolic solutions (30 mg͞ml) containing 250 mM CsCl. Gramicidin D is a naturally occurring mixture composed of approximately 85% gA, and 10% and 5% of isomers having tyrosine (gC) and phenylalanine (gB), respectively, substituted for tryptophan at position 11. A large lenticular crystal suitable for data collection was mounted in a glass capillary with mother liquor, and data were collected to 1.4 Å on an R-Axis II image plate by using CuK␣ radiation while preserving the anomalous scattering from Cs ϩ (fЉ ϭ 7.9 e Ϫ (Table 1) ). The space group, P2 1 2 1 2 1 , and cell constants (a ϭ 31.06 Å, b ϭ 31.88 Å, c ϭ 52.11 Å) are the same (Ͻ1% difference) as those reported by Wallace and Ravikumar (8) and yield two dimers͞ asymmetric unit. The structure was solved by molecular replacement with AMORE (13) by using a polyalanine model based on the hydrogen bonding scheme proposed by Wallace and Ravikumar (8) . The best solution had a correlation coefficient of 58% and an R factor of 45.3% for the 1,542 data between 5.0 and 2.5 Å. Electron density maps based on these coordinates did not allow interpretation of amino acid sidechain positions, especially for Trp. Furthermore, this structure was demonstrated to have the incorrect hand based on Cs ϩ anomalous scattering phased by the protein atoms. Inversion of the atomic positions improved the electron density maps and allowed Trp, Leu, and Val side chains to be fit unambiguously.
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Despite the fact that both crystals were obtained from a gramicidin D mixture, there is no evidence of the other isomers in the electron density maps, as seen in the uncomplexed gramicidin dimers (7) . It is possible the lower resolution of the complexed structures could obscure the subtle details of chemical heterogeneity at positions 1 and 11. The Cs ϩ anomalous scattering demonstrated that in the final refinement, the hand of the structure is correct. The refined structure bears no resemblance whatsoever to the hydrogen bonding scheme and left-handed structure proposed by Wallace and Ravikumar (8) . We conclude that the structure proposed by Wallace and Ravikumar (8) is incorrect.
The structure of the H ϩ complex was crystallized from a concentrated solution (50 mg͞ml) of commercial gramicidin D (Sigma) in glacial acetic acid. Large rods appeared over several months. A fragment of one of these crystals was mounted in a glass capillary and data were collected to 1.7 Å in the same manner as the Cs ϩ complex. The cell constants are entirely new for gramicidin crystals (a ϭ 20.58 Å, b ϭ 27.90 Å, c ϭ 52.04 Å) with space group P2 1 2 1 2 1 and only one dimer͞ asymmetric unit. The structure was solved by molecular replacement with AMORE (13) by using the coordinates of the Cs ϩ complex. The best solution had a correlation coefficient of 71.4% and an R factor of 46% for 2,993 data between ϱ and 1.8 Å. Refinements for both the Cs ϩ complex and H ϩ derived structure were conducted with SHELXL-97 (14) and the details are reported in Table 1 . Both coordinate sets have been deposited in the Protein Data Bank with codes 1AV2 (Cs ϩ ) and 1BDW (H ϩ ).
Structure of the Dimer
The two crystal structures contain nearly identical righthanded double-stranded double helices of gA with 7.2 residues͞turn (Fig. 1) . The hydrogen bonding pattern required to assemble such a dimer is substantially different from that found in any gramicidin structure or model previously reported. Gramicidin can be considered as two ''zippers'' of hydrogen bonds, one set, that is seen in all of the previous crystal structures, assembles the two-stranded antiparallel ␤-sheet and contains 16 hydrogen bonds. The second set arises from the coiling of gramicidin upon itself to relieve the steric crowding arising from having all side chains on the same side of the sheet. In the three similar, uncomplexed ␤ 5.6 DSDH ᏸ gramicidin dimers (5-7), this second set contains 14 hydrogen bonds. Although the two peptide strands are joined by 16 hydrogen bonds in both complexed and uncomplexed forms, the disposition of the strands relative to one another is opposite and hence the H-bonding pattern is different. These distinctly different double-stranded ribbons are coiled in opposite directions and stabilized by 14 additional hydrogen bonds in DSDH ᏸ but only by 10 additional hydrogen bonds in DSDH . The DSDH intradimer hydrogen bonding leaves six potential hydrogen bond sites in the backbone free. Four of these six sites are occupied by symmetry-related dimers above and below the central dimer, forming continuous tubes along the c-axis in both crystal structures. The amide nitrogen and carbonyl oxygens of Ala 5 are the only sites on each backbone that do not hydrogen-bond to other sites on the backbone or a symmetry-related backbone. In all cases, this site is occupied by a solvent or counter ion.
The DSDH Conformation in Lipid Membranes
NMR studies of 15 N-labeled gA (including Trp side chains) in oriented lipid bilayers have been used to determine the orientation of the backbone NOH dipoles relative to the helix axis (15) and thus the structure. Three major multiresonance peaks have been attributed to NOH bonds making angles of 15°, 25°, and 39°with the direction of the magnetic field perpendicular to the bilayer normal. In a related study using 2 H-labeled gramicidin, similar results also were obtained (16) . The six crystallographically independent strands in the structures reported here provide information on the range of stable orientations of individual NOH bonds in the dimer. The N-NMR spectra. The x-ray observations not only match the distribution assigned to the three strongest peaks as calibrated by Nicholson et al. (15) but demonstrate the well-defined bimodal distribution reflected in the spectra and appear to account for many of the weaker peaks. A plot of the individual NOH angles (Fig. 2b ) reveals a well defined pattern variation between the D (red) and L (blue) residues that accounts for the bimodal distribution. The D residues cluster around 35°and the L residues cluster near 15°. There is a clear structural reason for this behavior. The L-amino acids lie in a shallow conformation very similar to that of the HHSH . However, the D-amino acids have a larger pitch than the L-amino acids that causes the DSDH monomer to double in length compared with the HHSH . Finally, the features at low field appear to be attributable to the NOH groups on the indole rings of the tryptophan residues. All 11 of the values of 40°or larger are angles made by NOH bonds in indole rings. Although the strength of these signals is weaker, their presence in the spectra suggests that the tryptophan orientations observed in the solid state are largely retained in the lipid environment.
These results clearly demonstrate that the NOH conformations observed in the solid-state mimic the NOH conformations present in the lipid bilayer, where gramicidin is clearly active (2). Hence, the structure observed in the crystalline states and in the lipid bilayer may be the same. Because methanol stabilizes an inactive conformation of gramicidin (5), the cation must play a role in inverting the helical sense and hydrogen bonding in the more polar methanol environment. However, the new determination of gramicidin in a glacial acetic acid environment demonstrates that the cations are unnecessary if the environment is less polar. The dielectric constant of bulk glacial acetic acid is 5-6, very similar to that of the interior of lipid bilayers. This property of the solvent allows the handedness of the structure to invert and creates what must be the active, ion-conducting conformation as demonstrated by the similarity to the 15 N-NMR results described above.
Since it was first postulated by Urry et al. in 1971 (4) , a right-handed head-to-head single helical dimer (HHSH ) has been assumed to be the conformation of gramicidin responsible for ion transport in membranes (10, 11) . The HHSH model does not agree as well with the recorded data (Fig. 2c) . The DSDH dimer also would be compatible with the observed CD spectra in a lipid environment because it has the right-handed helical twist agreeing with the CD spectra of gA in long-chain lipids (17) . The tryptophan side-chain orientations observed in the DSDH dimer also exhibit unequivocal correlation with the biochemical data. Indole orientations determined for the Trp side chains are consistent with Raman scattering (18) which requires 2 to be approximately Ϯ90°. Furthermore, it has been shown that the extent of lipid ; however, all four Trp residues interact with the hydrophobic acyl chains of the lipid (19) . The DSDH dimer conformation is fully consistent with these observations having Trp 15 exposed to water near the top and bottom of the dimer and Trp 9 exposed only to lipid. The reported activity of covalently linked head-to-head dimers of gramicidin (20, 21) would appear to owe their activity to some aggregated state or conformation unrelated to the activity of native (or wild-type) gramicidin.
The Channel and Ion Binding
The channel in which Cs ϩ binds is fairly uniform, averaging 4.6 Å in van der Waals diameter over the entire length of the dimer. No significant inward tilting of carbonyls to complex the bound ions and water molecules is detected. This finding contradicts the hypothesis that as ions pass through the channel, carbonyl oxygens tilt inward to form a coordination sphere around them (22, 23) . Tian et al. (24) have presented evidence that the gramicidin dimer does not distort during ion passage. Our results are consistent with this model with little distortion in the backbone. The more uniform, slightly convex surface of the DSDH dimer is better suited to membrane entry and lipid packing (Fig. 3 a and c) than is the HHSH dimer ( Fig. 3 b and d) . The electrostatic potential of the outer surface of the DSDH dimer is predominantly neutral and well suited for membrane insertion (Fig. 3) . The channel lumen has a predominantly negative electrostatic surface potential suited to cation passage. In addition, these electrostatic surface calculations suggest a higher concentration of negative potentials in the Cs ϩ binding sites (Fig. 5 ). It appears that electrostatic interaction between the Cs ϩ ions and the channel wall, which is lined with backbone hydrogen bonds, orients electrons in the amide bonds toward the center of the channel to easily interact with passing ions. Because electrostatic potentials are much stronger in low dielectric media (e.g., in the lipid bilayer), the interactions of the Trp side chains with the uniform channel may be creating local dipoles.
Each channel contains a single Cs ϩ ion that is distributed over three sites in the channel lumen. Each Cs ϩ has eight closest contacts on average with six interactions arising from nearby carbonyl oxygens with 3.6-to 4.5-Å distances and a pair (Fig. 4) . The refined occupancies of the Cs ϩ ions sum to near unity with water molecules present between Cs ϩ sites and distributed throughout the channel when Cs ϩ is elsewhere in the channel. Although crystallographic refinement of atomic thermal parameters and their occupancies are highly correlated, the thermal parameters of the Cs ϩ ions closely match the average thermal parameters of the nearby backbone atoms, suggesting that the refined Cs ϩ occupancies are reasonable. There does not appear to be Cs ϩ present anywhere except in the channel lumen as confirmed by the anomalous scattering. These results are consistent with a nonpolar channel exterior that should not bind charged ions. Furthermore, there is no evidence of any anion binding in the channel lumen as previously reported (8) . However, the water structure within the Cs ϩ bound channel contains 7.5 bound waters taking into account the 3-fold disorder. Furthermore, the structure obtained from acetic acid contains a chain of 7.5 disordered waters distributed over 15 sites, representing the equilibrium water structure inside the channel lumen. Tripathi and Hladky (25) report that as each ion passes through the gramicidin channel 7 waters are carried through the channel when the conducting ion is Na 
Summary
The DSDH structure reveals a 1:2 complex of Cs ϩ :gA; demonstrates a mechanism of single file ion transfer through the gA lumen; satisfies NMR, CD, and Raman spectra for the conducting form of gA; and resolves previous disparities between solid-state and lipid solvent conformations of gA. These results suggest that, although the uncomplexed DSDH ᏸ appears to play a critical role in the initial insertion of gA into the membrane (27) , the DSDH dimer is the major conformer responsible for ion transfer and may constitute the ''normal'' channel. Although it may be too soon to rule out the possibility that the long cherished head-to-head helical dimer model is also a conducting species, these new structures and their agreement with CD and 15 N-NMR spectra strongly suggest that the structural form described in this paper is the membrane transport form and that other existing data on gramicidin function should be re-examined in the light of these unexpected findings. It remains to be seen whether other conformations of complexed and unusual gA homo-and heterodimers contribute to the complex solution spectra and physiological and biological properties of gA. Of immediate interest will be the mechanics of interconversion between DSDH ᏸ to DSDH in membrane lipids.
In addition, the results reported here raise serious doubts as to the accuracy of the previously published crystallographic structures of the Cs 8 reveals that several amino acids appear to have the wrong chirality. Given the necessity for the C ␣ OC ␤ bond to project away from the helix axis, incorrect gramicidin acid chirality severely distorts the local geometry at these sites. In the K ϩ (9) structure the data were truncated at 2.5 Å despite the claimed presence of diffraction data to 1.8 Å, several Trp side chains were omitted from the refinement and many of the backbone torsion angles refined to highly unusual conformations. Such observations are considered hallmarks of incorrect structures (28) . Therefore, the improved resolution of the structures reported here, 1.4 Å and 1.7 Å, coupled with the absence of unusual structural and crystallographic features, and confirmation of the hand by Cs ϩ anomalous scattering, strongly demonstrate the correctness and accuracy of the new structures. Unequivocal resolution of the sources of the anomalous features of the previously reported C ϩ (8) and K ϩ (9) complexes must await release of the diffraction data. It should be noted that the crystal structures of uncomplexed gramicidin for which atomic coordinates have been deposited in the Protein Data Bank, refined at 0.86, 1.13, and 1.20 Å resolution, exhibit no structural anomalies.
